INTRODUCTION
============

Rod and cone photoreceptors adjust their sensitivity to light in response to changes in ambient illumination level, enabling vision over 10--log unit range of background light intensities. Rods can detect single photons in darkness, yet they remain functional in background lights, producing up to ∼10^4^ visual pigment isomerizations s^−1^ per rod ([@bib1]; [@bib38]). This is enabled through light adaptation, which decreases the photoreceptors' sensitivity and accelerates their response kinetics in response to increasing background light intensity, thus extending their operating range and avoiding saturation caused by the background light--driven activation. In amphibians, the feedback mechanisms regulating the gain of phototransduction appear to be mediated mainly by calcium ions ([@bib39]; [@bib14]). Ca^2+^ appears to play an important role also in mammalian rods, because genetic removal of guanylyl cyclase--activating proteins (GCAPs) compromises severely their light adaptation. However, contributions of Ca^2+^-dependent feedback mechanisms other than GCAPs, as well as of Ca^2+^-independent mechanisms to light adaptation in mammalian rods, remain unclear ([@bib9]).

Photon absorption by the visual pigment rhodopsin (R) transforms the pigment molecule to its active form R\*, which can activate several G proteins (transducins). Active transducins can bind phosphodiesterase (PDE)6 to form a complex that hydrolyses cGMP. The subsequent decrease in cytoplasmic \[cGMP\] leads to the closure of CNG channels in the outer segment plasma membrane, reducing the inflow of Na^+^ and Ca^2+^. The continuing extrusion of Ca^2+^ by Na^+^/K^+^-Ca^2+^ exchangers results in lowering of the outer segment intracellular Ca^2+^ concentration (\[Ca^2+^\]~i~; [@bib56]), which serves as a signal to several feedback mechanisms that extends the operating range of rods. The suggested Ca^2+^-feedback mechanisms shorten R\* lifetime ([@bib34]; [@bib8]), accelerate cGMP synthesis by guanylyl cyclase ([@bib22]), and increase the CNG channel's affinity to cGMP ([@bib18]). These feedback mechanisms are thought to be mediated through Ca^2+^-sensor proteins recoverin, GCAPs, and calmodulin, respectively. Of these, GCAPs play an important role in mammalian rod light adaptation. However, rods that do not express GCAPs can still regulate their sensitivity and phototransduction termination kinetics as a response to changes in background light intensity ([@bib36]; [@bib6]). This residual adaptation appears not to be mediated by calmodulin ([@bib9]), but the role of recoverin is still controversial. Background light has been shown to accelerate response kinetics via recoverin ([@bib8], [@bib10]). However, the affinity of recoverin to Ca^2+^ seems to be too low compared with the physiological \[Ca^2+^\] range in rod outer segments ([@bib7]; [@bib21]; [@bib54]), suggesting that Ca^2+^ feedback via recoverin may not be functional in physiological conditions. Moreover, deletion of recoverin does not affect the flash sensitivity of mouse rods ([@bib32]; [@bib9]). Further, it has been demonstrated that the background light--triggered increase in the rates of both steady-state cGMP hydrolysis and synthesis together contribute significantly to sensitivity regulation of salamander rods in varying ambient illumination levels. Indeed, background light strongly modulates response kinetics and sensitivity of salamander rods as a result of increased cGMP hydrolysis rate, even when changes in \[Ca^2+^\]~i~ have been prevented ([@bib42]). It is not known how much these mechanisms modulate photoresponse kinetics and/or sensitivity of mammalian rods. Hence, the question remains: what are the mechanisms contributing to GCAP-independent light adaptation in mammalian rods, and are they Ca^2+^ dependent or not?

Our objective was to reveal the contribution of recoverin and other possible Ca^2+^-feedback mechanisms to mammalian rod light adaptation in the absence of the dominating effect of GCAPs. We found that exposing mouse rods lacking both GCAP1 and GCAP2 (GCAP^−/−^) to low \[Ca^2+^\] in darkness mimicked the effects of background light. Our experiments demonstrated significant GCAP-independent light adaptation. This was partly explained by the Ca^2+^-controlled recoverin pathway, demonstrating a direct Ca^2+^-dependent feedback through recoverin in mouse rods. However, some Ca^2+^-dependent light adaptation persisted in the absence of both GCAPs and recoverin. Our observation that photoresponse kinetics are only marginally modulated by this residual Ca^2+^-controlled mechanism suggests that it may not affect the rate of cGMP hydrolysis or synthesis. Our experimental results demonstrate that, in contrast to salamander rods, the Ca^2+^-independent mechanisms affect photoresponse kinetics only moderately in mouse rods. In summary, we identified a novel Ca^2+^-dependent light adaptation pathway that is operational in mammalian rod photoreceptors. This pathway appears to be almost exclusively mediated by Ca^2+^ and accounts for the residual fast sensitivity regulation in the absence of GCAPs and recoverin.

MATERIALS AND METHODS
=====================

Ethical approval
----------------

The use and handling of the animals were in accordance with the Finland Animal Welfare Act 1996 and guidelines of the Animal Experimentation Committee of University of Helsinki.

Transretinal electroretinography (ERG) experiments
--------------------------------------------------

WT mice, as well as GCAP^−/−^ and Rv^−/−^ mice (provided by J. Chen, University of Southern California, Los Angeles, CA; [@bib36]), were used in the experiments. The background strain of all mice was C57BL/6J. In addition, a double knockout (DKO; GCAP^−/−^ Rv^−/−^) strain was produced by breeding the GCAP^−/−^ and Rv^−/−^ mice. Littermates from the GCAP^+/−^ Rv^+/−^ breeding pairs were used in experiments comparing GCAP^−/−^ Rv^+/+^ and GCAP^−/−^ Rv^−/−^ mouse rod physiology.

The animals were sacrificed by CO~2~ inhalation and cervical dislocation, the eyes were enucleated and bisected along the equator, and the retinas were detached in cooled Ringer's solution under dim red light. The isolated retina was placed in a specimen holder ([@bib13]) with active recording area of 1.2-mm diameter. The upper (photoreceptor) side was superfused with a constant flow (∼3 ml/min) of Ringer's solution. Experiments were conducted at 37°C in a medium containing (mM): 133.4 Na^+^, 3.3 K^+^, 2 Mg^2+^, 1 Ca^2+^, 142.7 Cl^−^, 10 glucose, 0.01 EDTA, and 12 HEPES, adjusted to pH 7.6 (at room temperature) with NaOH. 50 µM DL-AP4 and 50--100 µM BaCl~2~ were added to block synaptic transmission to second-order neurons, and the glial component was generated by K^+^ currents of Müller cells ([@bib4]), respectively. In some experiments, 10 mM BaCl~2~ in contact with the proximal side of the retina was used instead of including barium in the perfusion, as described in [@bib43]. 0.72 mg/ml Leibovitz culture medium (L-15; Sigma-Aldrich) was added to improve the viability of the retina in all experiments. The temperature was controlled by a heat exchanger below the specimen holder and monitored with a thermistor in the bath close to the retina.

Recording and light stimulation
-------------------------------

The transretinal potential was recorded with two Ag/AgCl pellet electrodes (EP2; World Precision Instruments): one in the subretinal space and the other in chloride solution connected to the perfusion Ringer's solution through a porous plug. The DC signal was low-pass filtered (eight-pole Bessel; fc = 500 Hz) and sampled at 1,000 Hz with a voltage resolution of 0.25 µV. Light stimuli with homogeneous full-field illumination to the distal side of the retina were provided by a dual-beam optical system adapted from the setup used by [@bib13]. In brief, 2-ms light flashes and/or longer light steps were generated with a 532-nm laser diode module (532 nm; ∼130 mW; IQ5C(532--100)L74; Power Technology, Inc.), a 633-nm HeNe laser (5 mW; 25 LHR 151; Melles Griot), and a Compur shutter for both laser paths, with the midpoint of the flash indicating the zero time for the recordings. The uniformity of the beam at the level of the retina was confirmed with a small aperture photodiode. The light intensity of each source was controlled separately with calibrated neutral density filters and wedges. The absolute intensity of the unattenuated laser beam (photons mm^−2^ s^−1^) incident on the retina was measured in each experiment with a calibrated photodiode (EG&G HUV-1000B; calibration by the National Standards Laboratory of Finland). The amount of isomerizations (R\*) produced by the stimulating flash light in individual rods was calculated as described in [@bib17].

Chemicals and pharmacological manipulations
-------------------------------------------

All chemicals were purchased from Sigma-Aldrich. The low \[Ca^2+^\]-free (∼20 nM) solutions were prepared using EGTA, and the free \[Ca^2+^\] was calculated with an "EGTA calculator" ([@bib47]) taking into account 2 mM \[Mg^2+^\] and 66 µM \[Ca^2+^\] (from 0.72 g/L L-15 supplement) present in our Ringer's solution. pH was adjusted to 7.6 with NaOH.

Analysis
--------

The Weber--Fechner relation commonly used to quantify the background light's effect on rod sensitivity does not fit the light-adaptation data of GCAP^−/−^ mouse rods. We used the following modified version, called here the Weber--Hill function,$$\frac{s_{F}}{s_{F,D}} = \frac{I_{0}^{n}}{I_{0}^{n} + I^{n}},$$where s~F~ is flash sensitivity during background light, defined as dim-flash response amplitude divided by flash strength (µV R\*^−1^); s~F,D~ is the flash sensitivity in darkness; *I* is background light intensity (R\* s^−1^); and *n* describes the slope of adaptation curve decay. In the standard Weber--Fechner function, *n* is 1 and larger *n* indicates narrower operating range of rods. The parameter I~0~ corresponds then to the sensitivity halving background light intensity.

We compared our light-adaptation data with two theoretical functions that describe how sensitivity would decay as a function of background light in the absence of any light adaptation. First, a traditional exponential saturation function,$$\frac{s_{F}}{s_{F,D}} = e^{- \frac{s_{F,D}t_{i}I}{r_{sat}}},$$where r~sat~ is the amplitude of a saturated rod response, and t~i~ is the integration time defined as the area of dim-flash response divided by its amplitude. The second function is the result of removing all feedback-regulation mechanisms from a phototransduction model ([@bib9]),$$\frac{s_{F}}{s_{F,D}} = \frac{1}{\left( {1 + \frac{s_{F,D}t_{i}I}{3r_{sat}}} \right)^{4}}.$$A phototransduction activation model (Lamb--Pugh \[LP\] model; [@bib29]) was used to quantify the gain of the phototransduction activation. We fitted early parts of the negative-going leading edge of flash responses with a delayed Gaussian function,$$\frac{r}{r_{sat}} = \left( {e^{- 0.5A\Phi{({t - t_{d}})}^{2}} - 1} \right),$$where Φ is flash energy in R\* per rod, t~d~ is a short delay, and A is the amplification constant describing the gain of the activation reactions in s^−2^.

RESULTS
=======

Background light regulates rod sensitivity in the absence of both GCAPs and recoverin
-------------------------------------------------------------------------------------

Previous studies have shown that background light modulates sensitivity and response kinetics also in GCAP^−/−^ mouse rods, which lack a major mediator of the light-adaptation process ([@bib9]; [@bib44]). We studied the origins of this GCAP-independent light adaptation with transretinal ERG by recording dim-flash responses of GCAP^−/−^ and GCAP^−/−^ Rv^−/−^ (DKO) mouse rods in darkness and during light steps of varying intensity ([Fig. 1, A and B](#fig1){ref-type="fig"}). Plotting the rod flash sensitivity (in µV R\*^−1^) normalized to the sensitivity in darkness as a function of background light revealed that, as has been shown previously ([@bib36]), deleting GCAPs shifts the operating range of rods to significantly dimmer light and steepens the slope of the adaptation curve. Consistent with previous data ([@bib32]), deletion of recoverin shifted the operating range of GCAP^−/−^ rods to brighter light and further steepened the slope of their adaptation curve ([Fig. 1 C](#fig1){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}). The change in the slope of the adaptation curve is highlighted in the linear plot of the sensitivity data ([Fig. 1 C](#fig1){ref-type="fig"}, inset). The rightward shift of the adaptation curve by deletion of recoverin might seem surprising, as it indicates that DKO rods can actually function in brighter light than GCAP^−/−^ rods. However, the shift is expected because removal of recoverin leads to a recoverin-free rhodopsin kinase that can maximally inactivate R\*s and result in lower sensitivity and shorter integration time of the DKO rods (see [Fig. 5](#fig5){ref-type="fig"}). Hence, equal background light will cause weaker phototransduction activation in DKO as compared with GCAP^−/−^ rods, effectively shifting the adaptation curve of the DKO mice to brighter backgrounds. However, steeper slope of the adaptation curve indicates that compared with GCAP^−/−^ rods, the DKO mouse rods have a compressed range of background lights over which they can operate. The extent of adaptation mechanisms present can also be evaluated by comparing the experimental data to the theoretical decline of sensitivity in the absence of any adaptation mechanism except response compression caused by decreasing maximal response amplitude with increasing background light intensity. Dotted and dashed traces in [Fig. 1 C](#fig1){ref-type="fig"} show two functions modeling the expected decay of rod sensitivity in the absence of active feedback mechanisms (see Materials and methods for details). In these extreme situations without any light adaptation (except response compression), simple saturation of the phototransduction cascade caused by the background light activation predicts a steeper decay of sensitivity than that observed in our experimental data, even when either GCAPs or both GCAPs and recoverin have been removed from mouse rods. We also studied modulation of the steady-state CNG channel current between WT, GCAP^−/−^, and DKO rods by plotting the saturated response amplitude r~sat~ as a function of background light intensity ([Fig. 1 D](#fig1){ref-type="fig"}). Similarly to sensitivity data, removal of GCAPs shifted the data points to dimmer background light intensities, whereas removal of recoverin in GCAP^−/−^ mice caused a rightward shift to brighter backgrounds. These data demonstrate that both GCAPs and recoverin can regulate the steady-state CNG channel current during background light. Collectively, our results suggest that both the recoverin-dependent and currently unidentified recoverin-independent pathways modulate the operating range of mammalian rods in the absence of GCAP-mediated regulation of cGMP synthesis. In subsequent experiments, we aimed to determine whether these pathways are Ca^2+^ dependent and how much they contribute to regulation of the rod sensitivity and response kinetics.

![Deletion of recoverin narrows the operating range of GCAP^−/−^ rods. Dim-flash responses (in microvolts; see scale bar on the left) recorded in darkness and during steps of light from isolated GCAP^−/−^ (A; I~B~ range: 8--1,600 R\* s^−1^ per rod) and DKO (B; I~B~ range: 17--1,600 R\* s^−1^ per rod) mouse retinas. Flash strengths in darkness and under each background are indicated by numbers preceding each response, and the background light intensity is given on the right. Timing of the flash, 5 s after the background onset, is indicated by an arrow in each panel. (C) Sensitivity as a function of background light intensity (I~B~), normalized to s~F,D~, for a representative retina in GCAP^−/−^ (black squares), DKO (blue circles), and WT (red triangles) mice. Smooth curves plot [Eq. 1](#fd1){ref-type="disp-formula"} with I~0~ = 27 R\* s^−1^ per rod, *n* = 1.4; I~0~ = 65 R\* s^−1^ per rod, *n* = 1.6; and I~0~ = 218 R\* s^−1^ per rod, *n* = 1.2 in GCAP^−/−^, DKO, and WT mouse, respectively. Dotted and dashed lines plot Eqs. 2 and 3, respectively, for GCAP^−/−^ (black) and for DKO (blue) mice. The inset shows the sensitivity data in linear scale and best-fitting functions ([Eq. 1](#fd1){ref-type="disp-formula"}) with parameter values: I~0~ = 24 R\* s^−1^ per rod, *n* = 1.2; I~0~ = 66 R\* s^−1^ per rod, *n* = 1.5; and I~0~ = 199 R\* s^−1^ per rod, *n* = 1.1 in GCAP^−/−^, DKO, and WT mouse, respectively. (D) Saturated response amplitude (r~sat~) normalized to the r~sat~ in darkness as a function of I~B~ in WT (red), GCAP^−/−^ (black), and DKO (blue) mouse rods. Error bars represent mean ± SEM (*n* = 7).](JGP_201511412_Fig1){#fig1}

###### 

Characteristics of WT, GCAP^−/−^ and DKO mouse rods

  Parameter            Solution      WT (*n* = 4)                                 GCAP^−/−^ (*n* = 9)                                                                      GCAP^−/−^ Rv^+/+^ (*n* = 4)                                                                                            DKO (*n* = 3)
  -------------------- ------------- -------------------------------------------- ---------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------
  r~max~ (µV)          1 mM Ca^2+^   379 ± 98                                     165 ± 20                                                                                 145 ± 27 (*n* = 7)                                                                                                     156 ± 8
                       Low Ca^2+^    556 ± 145                                    171 ± 23                                                                                 154 ± 14 (*n* = 7)                                                                                                     170 ± 12
  S~F,D~ (% R\*^−1^)   1 mM Ca^2+^   1.7 ± 0.6[a](#tblfn1){ref-type="table-fn"}   4.5 ± 0.6[a](#tblfn1){ref-type="table-fn"}                                               4.4 ± 0.7[a](#tblfn1){ref-type="table-fn"}^,^[b](#tblfn3){ref-type="table-fn"}                                         2.8 ± 0.03[a](#tblfn1){ref-type="table-fn"}^,^[b](#tblfn3){ref-type="table-fn"}
                       Low Ca^2+^    0.3 ± 0.2[a](#tblfn1){ref-type="table-fn"}   1.0 ± 0.2[a](#tblfn1){ref-type="table-fn"}                                               1.4 ± 0.4[a](#tblfn1){ref-type="table-fn"}                                                                             1.5 ± 0.2[a](#tblfn1){ref-type="table-fn"}
  t~p~ (ms)            1 mM Ca^2+^   156 ± 1[a](#tblfn1){ref-type="table-fn"}     366 ± 9[a](#tblfn1){ref-type="table-fn"}                                                 369 ± 20[a](#tblfn1){ref-type="table-fn"}^,^[c](#tblfn5){ref-type="table-fn"}                                          233 ± 7[c](#tblfn5){ref-type="table-fn"}
                       Low Ca^2+^    450 ± 40[a](#tblfn1){ref-type="table-fn"}    267 ± 8[a](#tblfn1){ref-type="table-fn"}                                                 262 ± 19[a](#tblfn1){ref-type="table-fn"}                                                                              231 ± 5
  I~0~ (R\*)           1 mM Ca^2+^   181 ± 46/165 ± 43                            28 ± 6[a](#tblfn1){ref-type="table-fn"}/39 ± 9[a](#tblfn1){ref-type="table-fn"}          34 ± 9[a](#tblfn1){ref-type="table-fn"}/46 ± 11[a](#tblfn1){ref-type="table-fn"}^,^[b](#tblfn3){ref-type="table-fn"}   65 ± 2[d](#tblfn6){ref-type="table-fn"}/68 ± 4[b](#tblfn3){ref-type="table-fn"}^,^[d](#tblfn6){ref-type="table-fn"}
                       Low Ca^2+^    NA                                           183 ± 46[a](#tblfn1){ref-type="table-fn"}/215 ± 54[a](#tblfn1){ref-type="table-fn"}      131 ± 31[a](#tblfn1){ref-type="table-fn"}/187 ± 56[a](#tblfn1){ref-type="table-fn"}                                    153 ± 20[d](#tblfn6){ref-type="table-fn"}/167 ± 33[d](#tblfn6){ref-type="table-fn"}
  *n*                  1 mM Ca^2+^   1.0 ± 0.1/1.1 ± 0.1                          1.1 ± 0.05[d](#tblfn6){ref-type="table-fn"}/1.5 ± 0.1[d](#tblfn6){ref-type="table-fn"}   1.1 ± 0.08[d](#tblfn6){ref-type="table-fn"}/1.6 ± 0.15[d](#tblfn6){ref-type="table-fn"}                                1.5 ± 0.03/1.7 ± 0.1[d](#tblfn6){ref-type="table-fn"}
                       Low Ca^2+^    NA                                           1.5 ± 0.1[d](#tblfn6){ref-type="table-fn"}/2.1 ± 0.2[d](#tblfn6){ref-type="table-fn"}    1.4 ± 0.01[d](#tblfn6){ref-type="table-fn"}/2.0 ± 0.2[d](#tblfn6){ref-type="table-fn"}                                 1.8 ± 0.3/2.0 ± 0.04[d](#tblfn6){ref-type="table-fn"}
  τ~D~                 1 mM Ca^2+^   178 ± 21[a](#tblfn1){ref-type="table-fn"}    231 ± 16 (*n* = 4)                                                                       261 ± 19[a](#tblfn1){ref-type="table-fn"} (*n* = 7)                                                                    200 ± 21
  ms                   Low Ca^2+^    464 ± 54[a](#tblfn1){ref-type="table-fn"}    191 ± 20 (*n* = 4)                                                                       204 ± 11[a](#tblfn1){ref-type="table-fn"} (*n* = 7)                                                                    200 ± 4
  A                    1 mM Ca^2+^   4.7 ± 1.2[a](#tblfn1){ref-type="table-fn"}   7.9 ± 1.3 (*n* = 6)                                                                      7.2 ± 1.4 (*n* = 7)                                                                                                    11.3 ± 1
  s^−2^                Low Ca^2+^    0.3 ± 0.1[a](#tblfn1){ref-type="table-fn"}   6.2 ± 1.5 (*n* = 6)                                                                      6.6 ± 1.3 (*n* = 7)                                                                                                    9.8 ± 1

The GCAP^−/−^ mice were divided into two groups: the GCAP^−/−^ mice representing the original knockout strain, and the GCAP^−/−^ Rv^+/+^ mice derived by crossing the GCAP^−/−^ and Rv^−/−^ strains. The latter were littermates to the DKO GCAP^−/−^ Rv^−/−^ mice. Parameter values for rods lacking GCAPs are given both in normal and low (∼20 nM) \[Ca^2+^\]. Parameters: r~sat~, saturated maximal rod response amplitude; S~F,D~, fractional dark-adapted sensitivity of rods to dim flashes, i.e., dim-flash response amplitude divided by r~sat~ and flash strength in R\*; t~p~, time from flash to the peak amplitude of a dim-flash response; I~0~ in R\* s^−1^ per rod, sensitivity-halving background light intensity (see [Eq. 1](#fd1){ref-type="disp-formula"}; values are given from fittings to linear/logarithmic data); *n*, slope of the modified Weber--Fechner function (see [Eq. 1](#fd1){ref-type="disp-formula"}; values are given from fittings to linear/logarithmic data); τ~D~, dominant time constant of saturated photoresponse recovery; A, amplification constant ([@bib29]). Values are mean ± SEM, and the number of mice for each genotype is given in parentheses.

P \< 0.005, paired Student's *t* test is used to indicate statistical significance of low Ca^2+^ exposure in GCAP^−/−^ and DKO mice.

P \< 0.05, one-tailed Student's *t* test is used to compare whether parameters between GCAP^−/−^ Rv^+/+^ and DKO littermate mouse rods are different.

P = 0.003, one-tailed Student's *t* test is used to compare whether parameters between GCAP^−/−^ Rv^+/+^ and DKO littermate mouse rods are different.

P \< 0.05, paired Student's *t* test is used to indicate statistical significance of low Ca^2+^ exposure in GCAP^−/−^ and DKO mice.

Setting Ca^2+^-dependent feedback mechanisms to a steady level with low \[Ca^2+^\]~o~ in WT and GCAP^−/−^ rods
--------------------------------------------------------------------------------------------------------------

The role and significance of Ca^2+^-dependent feedback in light adaptation can in principle be studied by lowering outer segment Ca^2+^ concentration to mimic light-induced drop in \[Ca^2+^\]~i~. This can be achieved by reducing the extracellular Ca^2+^ concentration (\[Ca^2+^\]~o~) up to the level sufficient to essentially clamp the calcium-dependent mechanisms to their maximally light-adapted state. However, this method practically cannot be applied in the WT rods, as it leads to a highly increased \[cGMP\] in the rod outer segment as a result of the Ca^2+^-controlled acceleration of guanylyl cyclase activity via GCAPs. This, in turn, transiently yields a large CNG channel current that the cells cannot maintain, and eventually the light responses become very small ([@bib57]). Exposure of rods to low \[Ca^2+^\]~o~ is also accompanied with deceleration of light-response kinetics and large desensitization of photoreceptors that are consistent with elevated \[cGMP\] but at odds with the known effects of background light adaptation, such as moderate desensitization and acceleration of photoresponse termination ([@bib30]; [@bib3]; [@bib33]).

To overcome the problem of high cytoplasmic \[cGMP\] in low \[Ca^2+^\]~o~, we performed experiments on GCAP^−/−^ mouse rods lacking the Ca^2+^ feedback on guanylyl cyclase activity. Based on previous biochemical and physiology experiments, these mice have normal cyclase activity and their saturated light response amplitudes are similar to WT rods, indicating that the steady-state Ca^2+^ levels are not affected by genetic removal of GCAPs ([@bib36]; [@bib6]; [@bib45]; [@bib44]). We first compared the light responses of WT and GCAP^−/−^ mouse rods under normal (1 mM) and low (∼20 nM) free \[Ca^2+^\]~o~. We chose a higher \[Ca^2+^\]~o~ than the concentration used by [@bib57] to maintain stable response amplitudes. Yet this very low extracellular Ca^2+^ should be sufficiently low to reduce \[Ca^2+^\]~i~ below the operating range of calcium-sensor proteins inside the rod outer segment, setting the rod phototransduction machinery to a steady state corresponding to the maximally light-adapted state in regard to the Ca^2+^-dependent feedback mechanisms. In WT mice, low Ca^2+^ exposure triggered an approximately fourfold increase of the saturated response amplitude (r~sat~) before gradually declining to a stable level, still about twice its value in normal Ca^2+^ ([Fig. 2 A](#fig2){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}). These dramatic increments of the photoresponse amplitude in low Ca^2+^ are not present in the GCAP^−/−^ mouse rods, in which the maximal relative increase of r~sat~ was much smaller, only ∼10% of that in WT mice ([Fig. 2 B](#fig2){ref-type="fig"}). Further, the steady-state r~sat~ was somewhat larger but not statistically different in low Ca^2+^ than in normal Ca^2+^ in GCAP^−/−^ or DKO mice ([Table 1](#tbl1){ref-type="table"}).

![Low Ca^2+^ exposure affects the photoresponse amplitudes dramatically in WT, but not in GCAP^−/−^, mice. Saturated rod responses recorded before and at different times during low Ca^2+^ exposure in representative isolated WT (A) and GCAP^−/−^ (B) mouse retinas. Timing of the change to low Ca^2+^ solution and flashes are indicated by arrows together with the time (in seconds) from the first flash given just before the low Ca^2+^ exposure. Responses have been normalized to the amplitude in normal Ca^2+^ solution before the solution exchange.](JGP_201511412_Fig2){#fig2}

Under steady-state conditions, about half an hour after the onset of low Ca^2+^ exposure, the saturated response amplitude in a representative WT retina remained ∼1.5-fold larger in low Ca^2+^ than in normal Ca^2+^ ([Fig. 3, A and B](#fig3){ref-type="fig"}). Furthermore, the fractional flash sensitivity was decreased by 10-fold, and the flash response kinetics were very slow, with the dim-flash response time-to-peak (t~p~) twice its value in normal Ca^2+^ conditions (see also [Table 1](#tbl1){ref-type="table"}). These results are consistent with earlier studies on amphibian rods ([@bib30]; [@bib3]; [@bib33]). Our transretinal recordings from GCAP^−/−^ mice under standard conditions demonstrated slower response kinetics and higher sensitivity of rods lacking GCAPs as compared with WT mice ([Fig. 3, A and C](#fig3){ref-type="fig"}, and [Table 1](#tbl1){ref-type="table"}), in line with previous reports using a single-cell suction recording method ([@bib36]; [@bib9]; [@bib44]). In the original low Ca^2+^ experiments with WT mice, we measured larger maximum response amplitudes as compared with GCAP^−/−^ or DKO mice (see [Table 1](#tbl1){ref-type="table"}), raising a possibility that, in contrast to previous reports, CNG channel current and steady-state Ca^2+^ levels would have been affected by deletion of GCAPs. To resolve this discrepancy, we performed a separate set of experiments from WT and GCAP^−/−^ mice under normal Ca^2+^ perfusion. These experiments gave an r~sat~ of 192 ± 31 µV (*n* = 12) and 156 ± 38 µV (*n* = 7) in WT and GCAP^−/−^ rods, respectively. Although r~sat~ also appeared somewhat larger in WT mice in these experiments, the difference was rather small and not statistically significant (P = 0.43). The sensitivity and kinetic parameters were similar between this and the original set of experiments both in WT and GCAP^−/−^ mice. Low Ca^2+^ treatment of the GCAP^−/−^ retina ([Fig. 3 D](#fig3){ref-type="fig"}) also decreased the rod sensitivity, but instead of decelerating response kinetics, it brought forward the typical hallmarks of light adaptation, including acceleration of flash responses (see [Table 1](#tbl1){ref-type="table"}). Furthermore, after the initial transient small increase of the r~sat~ (see [Fig. 2 B](#fig2){ref-type="fig"}) by low Ca^2+^ exposure, the response amplitudes, kinetics, and sensitivity of GCAP^−/−^ rods remained stable for at least 1 h (the longest period tested). We continued to investigate more carefully the effects of low Ca^2+^ exposure on the response properties and sensitivity regulation of GCAP^−/−^ and DKO mouse rods.

![Low Ca^2+^ exposure decelerates the flash responses in WT rods but mimics the effects of light adaptation in the GCAP^−/−^ rods. Representative rod response families to 2-ms flashes of light recorded from an isolated WT retina in normal (A) and low Ca^2+^ (B) solution. Flash strength ranges (R\* per rod) are indicated in each panel. Responses to identical flash are shown in dark blue. Rod flash response families in normal (C) and low Ca^2+^ (D) solution recorded from a GCAP^−/−^ mouse retina. Responses to identical flash are shown in light blue. Rods were allowed to reach a steady state after solution changes before the response families were recorded.](JGP_201511412_Fig3){#fig3}

Ca^2+^ feedback via recoverin-dependent and -independent pathways accounts for the sensitivity regulation of GCAP^−/−^ rods
---------------------------------------------------------------------------------------------------------------------------

We used the low Ca^2+^ method presented above to probe Ca^2+^ dependence of the light-adaptation mechanisms still present in GCAP^−/−^ and DKO mouse rods ([Fig. 1 C](#fig1){ref-type="fig"}). Sensitivity data from GCAP^−/−^ rods showed that the low Ca^2+^ exposure shifts the operating range of these cells significantly to higher background intensities ([Fig. 4 C](#fig4){ref-type="fig"}), with the sensitivity halving background light intensity (I~0~; [Eq. 1](#fd1){ref-type="disp-formula"}) four- to sixfold larger in low Ca^2+^ than in normal Ca^2+^ conditions ([Table 1](#tbl1){ref-type="table"}). The steepness parameter of the adaptation curve (*n* in [Eq. 1](#fd1){ref-type="disp-formula"}) increased in GCAP^−/−^ rods by 30--40% when switched to low Ca^2+^ ([Table 1](#tbl1){ref-type="table"}), indicating compromised light-dependent feedback to the flash sensitivity. Low Ca^2+^ exposure also shifted the I~B~-r~sat~ data to brighter backgrounds, demonstrating that lowered Ca^2+^ helps to prevent rod saturation under dimmer background lights in GCAP^−/−^ mice ([Fig. 4 C](#fig4){ref-type="fig"}, inset). Similarly to GCAP^−/−^ rods, the adaptation curve was right-shifted with an apparent increase of *n* during low Ca^2+^ exposure also in DKO mice ([Table 1](#tbl1){ref-type="table"}). Further, the suppression of r~sat~ appeared to occur at brighter backgrounds in low Ca^2+^ than in normal Ca^2+^ in these mice ([Fig. 4 D](#fig4){ref-type="fig"}, inset). However, the effects of low Ca^2+^ exposure on both I~0~ and n were smaller in DKO than in GCAP^−/−^ mice ([Table 1](#tbl1){ref-type="table"}). These results suggest that Ca^2+^ mediates both recoverin-dependent and -independent light-adaptation mechanisms in the GCAP^−/−^ rods. The theoretical curves assuming no light adaptation ([Eq. 3](#fd3){ref-type="disp-formula"}; [Fig. 4, C and D](#fig4){ref-type="fig"}, dashed red traces) under low Ca^2+^ conditions coincide well with the data of both the GCAP^−/−^ and DKO rods, indicating that the sensitivity regulation of rods during steps of light is mediated exclusively by Ca^2+^-dependent mechanisms.

![Low Ca^2+^ exposure eliminates sensitivity regulation and minimizes the operating range of GCAP^−/−^ and DKO mouse rods. Dim-flash responses (in microvolts; see scale bar on the left) in darkness and during steps of light in GCAP^−/−^ (A; I~B~ range: 17--1,600 R\* s^−1^ per rod, indicated on the right side of each response) and DKO (B; I~B~ range: 17--1,600 R\* s^−1^ per rod, indicated on the right side of each response) mouse rods in low Ca^2+^ solution. Flash strengths ranged from 6 to 190 R\* per rod and from 12 to 190 R\* per rod in GCAP^−/−^ and DKO mice, respectively, as indicated by the numbers preceding each response. Timing of the flash, 5 s after the background onset at t = 0 s, is indicated by an arrow. Average (±SEM) sensitivities normalized with s~F,D~ as a function of background light intensity (I~B~) are plotted for four GCAP^−/−^ (C) mouse retinas in normal (black marks) and low (red marks) Ca^2+^ solution and for three DKO (D) mouse retinas in normal (blue marks) and low (magenta marks) Ca^2+^ solution. Dashed lines plot [Eq. 3](#fd3){ref-type="disp-formula"} under low Ca^2+^ conditions for GCAP^−/−^ (C) and DKO (D) rods (error bars represent mean ± SEM). Insets in C (GCAP^−/−^) and D (DKO) show r~sat~/r~sat,dark~ as a function of I~B~ in normal (black, GCAP^−/−^; blue, DKO) and low Ca^2+^ (red, GCAP^−/−^; magenta, DKO). Mean ± SEM (*n* = 7).](JGP_201511412_Fig4){#fig4}

Role of recoverin-dependent and --independent Ca^2+^ pathways in modulating rod sensitivity and response kinetics of dark-adapted GCAP^−/−^ mice
------------------------------------------------------------------------------------------------------------------------------------------------

To dissect the role of recoverin-dependent and -independent Ca^2+^-feedback mechanisms on the response properties of GCAP^−/−^ mouse rods, we analyzed how low Ca^2+^ exposure affected their sensitivity and flash response kinetics in darkness ([Fig. 5](#fig5){ref-type="fig"}). The estimated response to the absorption of a single photon, determined by normalizing a dim-flash response with the saturated response amplitude and flash strength (in R\* per rod), decreased approximately fourfold and approximately twofold by low Ca^2+^ exposure in GCAP^−/−^ and DKO mice, respectively ([Fig. 5 A](#fig5){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}). The difference in strains was in agreement with the approximately twofold reduction of the mean single-photon response amplitude resulting from recoverin deletion in GCAP^−/−^ mice ([Fig. 5 A](#fig5){ref-type="fig"}, black and blue trace). The normalized dim-flash responses in the inset of [Fig. 5 A](#fig5){ref-type="fig"} highlight the acceleration of the dim-flash responses in the GCAP^−/−^ mouse rods when treated with low Ca^2+^, with 30% mean decrease of t~p~ ([Table 1](#tbl1){ref-type="table"}). In the absence of both GCAPs and Rv, the t~p~ is no longer affected by low Ca^2+^ exposure, and only a minor acceleration of the response recovery phase can be observed when switched to low Ca^2+^ perfusion. In conclusion, these results indicate that the Ca^2+^-dependent recoverin-mediated pathway contributes to the observed acceleration of dim-flash responses as well as to about twofold desensitization of GCAP^−/−^ mouse rods. However, the observation that lowered Ca^2+^ also desensitizes the DKO rods further supports the notion that some unknown Ca^2+^-mediated feedback mechanism can modulate the phototransduction gain, even in the absence of both GCAPs and recoverin.

![Recoverin accounts for half of the desensitization caused by low Ca^2+^ exposure in GCAP^−/−^ mouse rods and most changes in flash response kinetics. (A) Dim-flash responses (\<20% of saturated response amplitude) normalized with the saturated response amplitude, and flash energy (in R\* per rod) for GCAP^−/−^ (*n* = 4) in normal (black) and low (red) Ca^2+^ solution, and for DKO (*n* = 3) mouse retinas in normal (blue) and low (magenta) Ca^2+^ solution. Inset shows the same responses normalized to their peak amplitudes. All data in A are mean ± SEM (B and C). Representative near-saturated and saturated responses recorded from dark-adapted GCAP^−/−^ mouse retinas in normal (B; flash strength range: 990--6,300 R\* per rod) and low (C; flash strength range: 630--4,000 R\* per rod) Ca^2+^ solution. (D) Saturation times at 25% recovery as a function of flash strength in normal (black) and low (red) Ca^2+^ conditions from GCAP^−/−^ (squares; *n* = 4) and in normal (blue) and low (magenta) Ca^2+^ conditions from DKO (circles; *n* = 4) mouse rod responses (mean ± SEM). The slopes of the fitted lines, τ~D~, were 234 and 203 ms in normal \[Ca^2+^\] and 185 and 185 ms in low \[Ca^2+^\] for GCAP^−/−^ and DKO mice, respectively. Error bars represent ± SEM.](JGP_201511412_Fig5){#fig5}

The apparent gain reduction during low Ca^2+^ exposure can arise either from deceleration of phototransduction activation reactions or acceleration of shutoff reactions. To address the former possibility, we determined the gain of the activation reactions (amplification constant, A; LP model: [@bib29]) of the GCAP^−/−^ and DKO mouse rods under normal and low Ca^2+^ conditions. This analysis relies on a fitting of the phototransduction activation model to the early part of flash responses, before the response deactivation begins to take effect. The validity of the model is restricted only to a few first milliseconds of the responses in mouse rods, especially under low Ca^2+^ conditions when R\* lifetime might be \<20 ms ([@bib29]; [@bib15]). Careful use of the LP model to flash response families revealed a small but statistically insignificant reduction of the amplification constants by low Ca^2+^ exposure in both GCAP^−/−^ and DKO mice ([Table 1](#tbl1){ref-type="table"}), suggesting that the observed desensitization stems from modulation of the response recovery.

One possible explanation for the accelerated rate of photoresponse recovery and decreased sensitivity in low Ca^2+^ is shortening of the lifetime of activated PDE ([@bib10]). In salamanders, the lifetime of PDE\* (corresponding to the rate-limiting time constant of saturated rod photoresponse recovery, τ~D~) seems not to be modulated by light or changes in intracellular Ca^2+^ concentration ([@bib41]). A more recent study, however, revealed that in mouse rods, τ~D~ is modulated by background light ([@bib55]), and removal of recoverin seems to accelerate τ~D~ by ∼15--30% in mouse rods ([@bib32]; [@bib10]). Interestingly, the modulation of τ~D~ by background light appears to be mediated by rhodopsin kinase (GRK1) and recoverin, suggesting that Ca^2+^ feedback via recoverin might also have a direct role in the regulation of PDE\* deactivation ([@bib10], [@bib11]). To study directly whether the rate of PDE\* deactivation is modulated by changes in \[Ca^2+^\]~i~, we determined τ~D~ in GCAP^−/−^ rods in normal and in low Ca^2+^ perfusion. Representative GCAP^−/−^ mouse rod responses to bright flashes are shown in [Fig. 5 (B and C)](#fig5){ref-type="fig"} in normal and low Ca^2+^, respectively. [Fig. 5 D](#fig5){ref-type="fig"} shows averaged saturation times at 25% recovery for four GCAP^−/−^ (squares) retinas as a function of natural logarithm of flash strength. The dominant time constants determined as the slopes of the fitted straight lines were 234 ms in normal and 185 ms in low Ca^2+^ perfusion. Linear fittings to the data of individual experiments also revealed a statistically significant 20 ± 3% shortening of τ~D~ caused by low Ca^2+^ exposure (*n* = 11; P = 0.0005, two-tailed paired *t* test; see [Table 1](#tbl1){ref-type="table"}). Because the decrease in τ~D~ caused by low Ca^2+^ exposure is quantitatively close to the previously observed shortening of τ~D~ caused by recoverin deletion ([@bib32]; [@bib10]), we reasoned that the observed shortening of τ~D~ in low Ca^2+^ might be mediated by recoverin. To test this hypothesis, we determined the τ~D~ in normal and in low Ca^2+^ for DKO mouse rods ([Fig. 5 D](#fig5){ref-type="fig"}, circles). In these mice, τ~D~ was 200 ms, ∼23% smaller compared with their GCAP^−/−^ Rv^+/+^ littermates (261 ms), and was not affected by low Ca^2+^ exposure ([Table 1](#tbl1){ref-type="table"}). In control experiments, we also observed a 23% shortening of the τ~D~ when recoverin was deleted in WT background mice (*n* = 4 for WT and 9 for Rv^−/−^ mice; P = 0.02, one-tailed *t* test). Overall, the τ~D~ seems to be modulated through a pathway that is dependent on both recoverin and Ca^2+^. This feedback, however, cannot account for the much pronounced effects of low Ca^2+^ exposure on rod sensitivity and photoresponse kinetics in GCAP^−/−^ mouse rods. Also, substantial vertical shifts of photoresponse saturation times of GCAP^−/−^ and DKO rods take place when switched from normal to low Ca^2+^ ([Fig. 5 D](#fig5){ref-type="fig"}). These shifts exceed by far the small changes in τ~D~ and further indicate that phototransduction gain is modulated by both recoverin-dependent and -independent Ca^2+^-feedback mechanisms, which are mainly not directly targeting PDE (see Discussion).

Contribution of recoverin-dependent and -independent Ca^2+^-feedback mechanisms to light-induced acceleration of dim-flash response kinetics in GCAP^−/−^ rods
--------------------------------------------------------------------------------------------------------------------------------------------------------------

One hallmark of light adaptation is the acceleration of flash response kinetics upon increased strength of background illumination. Although GCAP-dependent adaptation contributes to this phenomenon, a significant acceleration of flash response kinetics persists in GCAP^−/−^ rods ([@bib36]; [@bib9]; [@bib44]). Background light also progressively accelerated the response shutoff kinetics of GCAP^−/−^ rods in the standard perfusion in our experiments ([Fig. 6 A](#fig6){ref-type="fig"}). However, light-induced response acceleration was clearly attenuated under low Ca^2+^ perfusion ([Fig. 6 C](#fig6){ref-type="fig"}). The change in dim-flash response kinetics is quantified in [Fig. 6 E](#fig6){ref-type="fig"} by demonstrating the more pronounced acceleration of the dim-flash responses by background light in normal (black) than in low Ca^2+^ (red). Finally, we investigated how much the dim-flash response kinetics of mouse rods are modulated by background light in the absence of both GCAPs and recoverin. We found that photoresponse kinetics was somewhat accelerated as background light intensity increased under normal and low Ca^2+^ conditions ([Fig. 6, B and D](#fig6){ref-type="fig"}). However, differently from the GCAP^−/−^ mice, low Ca^2+^ exposure did not affect the magnitude of acceleration in DKO mice ([Fig. 6 F](#fig6){ref-type="fig"}).

![Calcium-dependent, background-induced acceleration of the dim-flash response kinetics. Mean (*n* = 4 retinas) normalized dim-flash responses (\<20% of maximum response amplitude during each background) in darkness (black) and during different background lights (I~B~ 66 \[dark cyan\] and 664 \[purple\] R\* s^−1^ per rod) in normal (A and B) and low (C and D) Ca^2+^ solution. The dark-adapted response from C is also plotted in A (dashed red) for comparison. All traces in A--D have been digitally low-pass filtered with cutoff at 30 Hz, which did not affect dim-flash response waveforms. (E and F) t~p~ (mean ± SEM; *n* = 4) of dim-flash responses during background lights normalized to dark-adapted t~p,D~ of GCAP^−/−^ in normal Ca^2+^ as a function of background light intensity in normal (black) and low (red) Ca^2+^ for GCAP^−/−^ (E) and in normal (blue) and low (magenta) Ca^2+^ conditions for DKO (F) mice. Dashed lines plot the data from E for comparison. Error bars represent ± SEM.](JGP_201511412_Fig6){#fig6}

DISCUSSION
==========

Contribution of different mechanisms to overall light adaptation has been studied previously in amphibian rods by manipulating outer segment \[Ca^2+^\]~i~ ([@bib24],[@bib25]; [@bib42]). These experiments have not been feasible with the more fragile and smaller mammalian rods. Here, we combined genetic, pharmacological, and electrophysiological tools to assess the contribution of recoverin and the residual Ca^2+^-dependent and -independent mechanisms to dark-adapted mouse rod response properties (sensitivity and kinetics), as well as to background light adaptation.

Mimicking light-induced decline in \[Ca^2+^\]~i~
------------------------------------------------

Lowering extracellular \[Ca^2+^\] in darkness to reduce the \[Ca^2+^\]~i~ can in principle provide a straightforward method to study the contribution of Ca^2+^-dependent feedback mechanisms to rod physiology. However, previous studies have demonstrated that lowering Ca^2+^ in darkness leads to a large but transient increase in the CNG channel current accompanied by permanent deceleration of flash responses and extensive desensitization of rods ([@bib30]; [@bib57]; [@bib3]; [@bib33]). We have previously found that, by lowering extracellular Ca^2+^ concentration more moderately compared with the amphibian studies cited above, stable and relatively large transretinal ERG responses can be recorded from isolated WT mouse retinas at room temperature under perfusate containing ∼10^−8^ M \[Ca^2+^\]~o~ ([@bib52]). However, consistent with the previous studies with amphibian photoreceptors, the response kinetics become slower and rods are desensitized \>10-fold when \[Ca^2+^\]~o~ is lowered \<30 nM ([Figs. 2 A](#fig2){ref-type="fig"} and [3, A and B](#fig3){ref-type="fig"}). These effects cannot be attributed to Ca^2+^-feedback mechanisms triggered by light that normally act to accelerate the shutoff of rod light responses. We hypothesized that preventing the excessive increase of \[cGMP\]~i~ under low Ca^2+^ in darkness by using GCAP^−/−^ mouse rods could alleviate the anomalous slowdown of flash responses. Indeed, the large transient increase of the saturated photoresponse amplitude was absent and the rod flash response recovery was accelerated instead of decelerated under low Ca^2+^ conditions with GCAP^−/−^ mouse retinas ([Figs. 2 B](#fig2){ref-type="fig"}, [3, C and D](#fig3){ref-type="fig"}, and [5 A](#fig5){ref-type="fig"}). Although we do not know \[Ca^2+^\]~i~ in the rod outer segment during our perfusion with a solution containing ∼20 nM of free \[Ca^2+^\]~o~, it seems most likely that the Na^+^/Ca^2+^-K^+^ exchange, which in physiological Ca^2+^ concentrations keeps the \[Ca^2+^\]~i~ \>3 log units lower than the \[Ca^2+^\]~o~, should drive the \[Ca^2+^\]~i~ in our low Ca^2+^ conditions well below ∼50 nM, the level attained in bright light ([@bib54]). However, long-term low Ca^2+^ exposure might trigger release of Ca^2+^ from internal stores preventing \[Ca^2+^\]~i~ from dropping to extremely low levels ([@bib37]). Regardless of the possible effect of the internal stores, the low Ca^2+^ exposure should set \[Ca^2+^\]~i~ at least to and probably well below that attained in bright light, so that any further decline of Ca^2+^ concentration in the outer segment caused by background light would not modulate phototransduction anymore. However, all Ca^2+^-sensor proteins (except GCAPs) are still present in the rod cells and probably mostly in Ca^2+^-free form. Consequently, GCAP^−/−^ rod cells are "clamped" to a state that corresponds to a condition where the rods would be exposed to a very bright constant background light regarding the Ca^2+^-dependent adaptation mechanisms. Thus, our low Ca^2+^ method has an advantage over genetic removal of, for example, GCAPs or recoverin, where the effect of deletion depends on the mechanism in question. For example, removal of GCAPs in normal Ca^2+^ would essentially clamp cGMP synthesis by guanylyl cyclase approximately to its dark-adapted or minimum level, whereas removal of recoverin would clamp R\* lifetime to its light-adapted or shortest value. Further, it is worth noting that both genetic and our low Ca^2+^ methods have limitations in addressing the normal physiological contributions of Ca^2+^-feedback mechanisms, as it is possible that under physiological conditions, Ca^2+^ would not drop low enough to, for example, result in 100% Ca^2+^-free recoverin (corresponding to our low Ca^2+^ treatment) or 100% recoverin-free rhodopsin kinase (corresponding to Rv^−/−^ mice). Here, we used the low Ca^2+^ approach on GCAP^−/−^ rods to investigate the contribution of Ca^2+^-dependent and -independent feedback mechanisms in mammalian rod light adaptation. In addition, we could reveal how reduced \[Ca^2+^\]~i~ alone modulates response kinetics and sensitivity of rods in the absence of background light that has other Ca^2+^-independent effects on response properties. For example, steady light activates phototransduction, leading to increased hydrolysis rate of cGMP, which will decrease response amplitudes and sensitivity of rods, and accelerate their flash response shutoff kinetics ([@bib42]). A minor shortcoming of our low Ca^2+^ approach is that it is feasible only in the absence of GCAPs (see above). It is possible that deletion of GCAPs has some indirect effects on the molecular or physiological properties of rods that might affect the physiological relevance of our conclusions. However, GCAP^−/−^ (and Rv^−/−^) mouse rods have been extensively studied previously, and they appear to have normal expression of all the major phototransduction proteins ([@bib36]; [@bib32]). Their maximal saturated response amplitudes as measured from single cells correspond very well to those of their WT littermates, indicating normal Ca^2+^ levels both in darkness and under bright-light conditions. Thus, we believe that the Ca^2+^-dependent or -independent adaptation mechanisms that we describe here in GCAP^−/−^ or DKO mouse rods are also functional in WT rods.

Contribution of recoverin-mediated feedback to rod physiology
-------------------------------------------------------------

The role of recoverin in rod phototransduction and light adaptation has remained controversial. Earlier evidence from amphibian rods suggested that Ca^2+^ feedback strongly modulates R\* lifetime, presumably via recoverin ([@bib42]). Subsequent electrophysiological studies with recoverin knockout mice are somewhat contradictory. Although recoverin has been shown to participate in light-dependent acceleration of response termination in mouse rods, it does not seem to affect the light adaptation of WT rods ([@bib32]; [@bib8],[@bib9], [@bib10]). Also, localization of recoverin primarily to the inner segment and synaptic terminal (even in dark-adapted retinas) and its more prominent role in synaptic transmission as compared with modulating the CNG channel current have raised questions as to the physiological importance of recoverin in the rod phototransduction ([@bib49]). Moreover, although biochemical evidence shows that recoverin can modulate phosphorylation of rhodopsin in a Ca^2+^-dependent manner, the affinity of Ca^2+^ to recoverin does not match the physiological range of \[Ca^2+^\]~i~ ([@bib20]; [@bib7]; [@bib21]). These apparent discrepancies might be caused by at least two reasons: (1) the GCAP-mediated feedback is the dominant factor in determining rod sensitivity both in dark- and light-adapted states, and therefore the feedback to R\* inactivation is not clearly observable in WT mice; and/or (2) the recoverin-mediated regulation of photoresponse kinetics is Ca^2+^ independent. In this study, we addressed both of these possibilities.

Our results show that exposing dark-adapted rods lacking GCAPs, and thus calcium feedback on activation of guanylate cyclase, to low \[Ca^2+^\]~o~ decreases their flash sensitivity about fourfold in the absence of GCAPs ([Fig. 5 A](#fig5){ref-type="fig"}). This gives the maximal flash sensitivity regulation achieved together by all the calcium-controlled mechanisms present in the GCAP^−/−^ rods, and it seems reasonable to assume that this is also the upper limit of sensitivity regulation in WT mouse rods through Ca^2+^-controlled feedback mechanisms other than GCAPs. Our results demonstrate that deletion of recoverin in the GCAP^−/−^ background removes about half of this Ca^2+^-dependent flash sensitivity regulation ([Fig. 5 A](#fig5){ref-type="fig"}). The result that the fractional sensitivities of the GCAP^−/−^ Rv^+/+^ mice and their DKO littermates do not differ from each other in low \[Ca^2+^\]~o~ ([Table 1](#tbl1){ref-type="table"}) suggests that Ca^2+^-free recoverin does not have any effect on rod sensitivity in darkness, and thus all the modulation of dark-adapted rod sensitivity via recoverin seems to be Ca^2+^ dependent.

In principle, it is possible that some compensatory mechanisms might alter the expression of phototransduction proteins in GCAP^−/−^ rods, which would explain the differences of recoverin removal in WT and GCAP^−/−^ background. However, gene expression data in GCAP^−/−^ or Rv^−/−^ mouse retinas do not indicate changes in the phototransduction protein expression ([@bib36]; [@bib32]). Thus, we suggest that the effect of recoverin-mediated feedback is overrun by the fast synthesis of cGMP and its dynamic regulation so effectively in WT mice that its role is hard to distinguish in the presence of GCAPs (see also [@bib16]).

It has become evident that the recovery of saturated rod photoresponses is rate-limited by PDE\* inactivation catalyzed by RGS9 complex ([@bib26]). Earlier data with amphibian rods suggested that the rate-limiting time constant (τ~D~) is not modulated by Ca^2+^ or background light ([@bib31]). However, more recent results have demonstrated that τ~D~ actually is modulated by background light in mouse rods ([@bib55]) via a recoverin- and GRK1-dependent pathway ([@bib10], [@bib11]). In this study, we addressed the role of Ca^2+^ together with recoverin in τ~D~ modulation in mouse rods. We observed a subtle but statistically significant ∼20% decrease of τ~D~ by lowered Ca^2+^ in GCAP^−/−^ mouse rods but not in DKO mouse rods. The decrease of τ~D~ in GCAP^−/−^ mouse rods during low Ca^2+^ exposure was comparable to the previously published reduction of τ~D~ caused by removal of recoverin from WT mouse rods ([@bib32]; [@bib10]), and to the shortening of τ~D~ of 30 and 19% by removal of recoverin in WT and GCAP^−/−^ background, respectively, observed in this study. Although our results are consistent with the idea that PDE\* lifetime might be modulated by Ca^2+^ feedback via recoverin, the changes of τ~D~ by removal of recoverin or by low Ca^2+^ exposure are small considering the variability of τ~D~ values between different strains/groups of WT or GCAP^−/−^ mice previously shown by others and by us here (e.g., [@bib32]; [@bib26]; [@bib55]). On the other hand, the vertical shifts of the "Pepperberg" plots caused by low Ca^2+^ exposure are notable: 340 and 180 ms in GCAP^−/−^ and DKO mice, respectively ([Fig. 5 D](#fig5){ref-type="fig"}). If the difference between these vertical shifts (160 ms) is assumed to be caused purely by the shortening of R\* lifetime by the Rv-mediated Ca^2+^ feedback (Eq. 1 in [@bib16]), the recoverin pathway can maximally shorten the R\* lifetime by about twofold. Collectively, our results here demonstrate that the recoverin-mediated Ca^2+^ feedback can account for almost all of the Ca^2+^-dependent dim-flash response kinetics acceleration ([Figs. 5 A](#fig5){ref-type="fig"} and [6 F](#fig6){ref-type="fig"}) as well as half of the total Ca^2+^-dependent modulation of the saturation time ([Fig. 5 D](#fig5){ref-type="fig"}) and dark-adapted sensitivity ([Fig. 5 A](#fig5){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}) of GCAP^−/−^ rods. Thus, although removal of recoverin does not seem to affect the operating range of WT rods in standard light-adaptation experiments, we show here that Rv-mediated Ca^2+^ feedback is functional in mouse rods and can explain the faster escape of rods from saturation observed by us here ([Fig. 5 D](#fig5){ref-type="fig"}) and by others previously ([@bib32]). Our experiments do not discriminate directly the molecular pathway of recoverin action, and it is possible that recoverin could also have some other effects than shortening of R\* lifetime. Indeed, comparing the leading edges of fractional responses of GCAP^−/−^ and DKO rods ([Fig. 5 A](#fig5){ref-type="fig"}) between normal and low Ca^2+^ conditions gives an impression that the leading edge kinetics is significantly decelerated in GCAP^−/−^ rods but not so much in DKO rods. Similar and even more pronounced changes in the leading edge slope have been shown previously for truncated salamander rods ([@bib27]) exposed to low Ca^2+^ conditions. The deceleration of the leading edge slope could actually mean that Ca^2+^ would control the activation reactions of phototransduction, which would be a completely novel phenomenon for which we do not have a molecular explanation. Another possibility is that the deactivation of phototransduction molecules already affects the early parts of the dim-flash response. These ideas were tested by fitting the LP activation model to responses ([@bib29]). No significant change could be seen in the activation constant when changed from normal to low Ca^2+^ solution, either with GCAP^−/−^ or DKO mice ([Table 1](#tbl1){ref-type="table"}). In mouse rods where the lifetime of R\* is 40 ms in darkness ([@bib15]) and probably approximately twofold shorter in background light (our Results and [@bib8]), the validity of the LP activation model would cover only a very small part of the leading edge for dim-flash responses, and the shutoff of the responses start particularly early. Thus, we believe that our low Ca^2+^ exposure modulates phototransduction deactivation rather than activation reactions. Because the only well-established recoverin-dependent pathway affects R\* lifetime, we think that the most probable function for the recoverin-dependent Ca^2+^ feedback is to modulate R\* inactivation, although other possibilities cannot be ruled out.

Mechanism for the residual Ca^2+^ feedback in the absence of GCAPs and recoverin
--------------------------------------------------------------------------------

Although a significant proportion of the Ca^2+^ feedback in GCAP^−/−^ rods could be explained by the Rv-mediated pathway, we found that some Ca^2+^-dependent sensitivity regulation remained even in the DKO mouse rods. One potential mechanism that has been suggested to improve photoreceptor's light-adaptation capacity is modulation of the CNG channel's affinity to cGMP through a Ca^2+^-dependent calmodulin pathway ([@bib18]; [@bib40]). However, [@bib9] showed that deletion of the binding site for calmodulin in the CNG channel β subunit did not significantly affect dark-adapted mouse rod's photoresponse properties nor its ability to light adapt even in the GCAP^−/−^ background. Instead, in recent studies, new Ca^2+^-dependent modulators of CNG channels have been found. [@bib48] reported that the sensitivity of channels to cGMP in striped bass cones is modulated by CNG modulin in a Ca^2+^-dependent manner. Subsequently, it was shown that the orthologue gene for the CNG modulin EML1 encodes a protein that modulates the sensitivity and light adaptation in zebrafish cones ([@bib23]). Our observation that the saturated response amplitudes of GCAP^−/−^ mouse rods increased when switched to low Ca^2+^ perfusion ([Fig. 2 B](#fig2){ref-type="fig"}) would be consistent with an increased number of open CNG channels in low Ca^2+^, which could be caused by a higher affinity of channels to cGMP. However, we cannot rule out other possibilities such as a decrease in the spontaneous activity of PDE or an increase in single CNG channel conductance caused by reduced Ca^2+^ ion block of the CNG channels under our low Ca^2+^ conditions ([@bib28]).

Possible Ca^2+^-independent light adaptation
--------------------------------------------

So far, we have demonstrated that recoverin and some other Ca^2+^-feedback mechanism(s) contributes to mammalian rod phototransduction and light adaptation. The final question is whether some Ca^2+^-independent light-adaptation mechanism is also operational in mammalian rods. Comparison of the relative sensitivity of GCAP^−/−^ and DKO mouse rods as a function of background intensity in low Ca^2+^ to the prediction of the theoretical model without phototransduction feedback ([Eq. 3](#fd3){ref-type="disp-formula"}; see [Fig. 4, C and D](#fig4){ref-type="fig"}) suggests that mouse rod light adaptation is almost completely mediated by Ca^2+^. However, we still observed background light-induced acceleration of both GCAP^−/−^ and DKO mouse rod responses even under our low Ca^2+^ conditions. This residual acceleration could be explained by increased steady-state activity of PDE, driven by the background-induced phototransduction activation that has been shown to significantly modulate the flash response kinetics of salamander rods (see [@bib42]). However, we cannot rule out the role of Ca^2+^-independent feedback mechanisms in controlling, for example, bright flash response kinetics, adaptive potentiation of rod sensitivity ([@bib35]), or slower light-adaptation mechanisms such as transducin, arrestin, or recoverin translocation between outer and inner segments ([@bib5]; [@bib46]; [@bib53]; [@bib50]; [@bib51]). For example, Mg^2+^ as well as phosphorylation of PDE may play a role in phototransduction ([@bib19]; [@bib12]; [@bib2]), although the physiological roles of these mechanisms remain unclear. In salamander rods, the light-induced Ca^2+^-independent increase in β significantly contributes to the kinetics of dim-flash responses and light adaptation ([@bib42]). This acceleration occurs because the synthesis rate of cGMP remains constant, whereas increased cGMP hydrolysis lowers the steady-state cGMP concentration so that the same fractional change in cGMP and the CNG channel current can happen faster than in dark-adapted rods with higher absolute cGMP levels. In salamander rods under Ca^2+^-clamp conditions, a background light of ∼100 R\* s^−1^ per rod shortens t~p~ of a dim-flash response to 1.2 s from its value of 2.4 s in darkness (see Fig. 13 in [@bib42]). Increase of background to 2,100 R\* s^−1^ per rod further shortened t~p~ to 0.8 s in salamander rods. Based on our experimental data under low Ca^2+^ conditions in GCAP^−/−^ mouse rods, a background light of 100 R\* s^−1^ would shorten t~p~ to 0.22 s from its dark-adapted value of 0.27 s (∼18% decrease). Further shortening of t~p~ to ∼70% of its dark-adapted value (in low Ca^2+^) occurs at ∼700 R\* s^−1^ per rod, but after that the change of t~p~ with increasing backgrounds appears to be small (see [Fig. 6, E and F](#fig6){ref-type="fig"}). In conclusion, the dynamic range of t~p~ modulation by background light in the absence of Ca^2+^ feedbacks appears significantly narrower in mouse rods than previously reported in salamander.
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